Introduction {#Sec1}
============

Hubble's discovery was crucial for our understanding of the Universe. He showed that the Universe was evolving and not static as it was believed at that time \[[@CR1]\]. His discovery was based on observing that the spectrum of far away galaxies was red-shifted which implied that those galaxies were moving away from us. He even measured the galaxies radial outward velocities and realised that it followed a rule: (1) the velocities were proportional to the distances at which the galaxies were located from us and (2) the proportionality factor was a constant, the Hubble constant. About 70 years later, two independent teams \[[@CR2], [@CR3]\] realised that by measuring further objects, SNeIa, the Hubble constant was not quite constant, as was already expected. The issue was that the deviation from the constancy was not in the anticipated direction. It was no longer enough to invoke only matter to explain those observations. A new dark component had to be invoked, interacting as far as we know only gravitationally, and named dark energy. This component started recently fuelling a second inflationary era of the visible Universe. Of course, all these observations, and subsequent ones, are telling us how gravity behaves at cosmological scales through the kinematic expansion of our Universe \[[@CR4]--[@CR9]\].

This kinematic description is linked to the dynamical expansion through the gravitational laws of Einstein theory. To a very good approximation, we may assume that our Universe is homogeneous and isotropic on large scales and that it is filled with matter (standard and dark) and dark energy, where their relative fractional energy densities are $\documentclass[12pt]{minimal}
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                \begin{document}$$\varOmega _{\text {d}}=0.691$$\end{document}$, respectively, at present. In addition, the current Hubble parameter is of the order of $\documentclass[12pt]{minimal}
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                \begin{document}$$^{-1}$$\end{document}$. We have fixed those values by using the latest Planck data \[[@CR7]\] but please notice that our conclusions in this paper are unaltered by choosing other values for these physical quantities. As regards dark energy, we will assume its energy density to be evolving (or not) in time and its equation of state (EoS) parameter, *w*, to be constant; i.e. we will consider the *w*CDM model as a natural candidate describing our Universe. As is well known: (1) for $\documentclass[12pt]{minimal}
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                \begin{document}$$w<-\,1$$\end{document}$ the Universe would face a big rip singularity \[[@CR10]--[@CR12]\], i.e., the Universe would unzip itself in a finite time from now, (2) for $\documentclass[12pt]{minimal}
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                \begin{document}$$w>-\,1$$\end{document}$ the Universe would be asymptotically flat locally; i.e. the scalar curvature and the Ricci tensor would vanish for large scale factors. As we next show this pattern is shown also by the behaviour of the gravitational potential.

The paper is organised as follows: in Sect. [2](#Sec2){ref-type="sec"}, we review briefly the models to be considered and compare them using a cosmographic/statefinder analysis. In Sect. [3](#Sec3){ref-type="sec"}, we present the cosmological perturbations of the models focussing on the asymptotic behaviour of the gravitational potential. Finally, in Sect. [4](#Sec4){ref-type="sec"}, we conclude. In Appendix A, we include some formulae useful in Sect. [2](#Sec2){ref-type="sec"}.

Background approach {#Sec2}
===================

The geometry of the cosmological background is adequately given by the Friedmann--Lemaître--Robertson--Walker line element:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\delta _{ij}$$\end{document}$ is the flat spatial metric. On the other hand, the matter content of the Universe can be separated in three main components: radiation, nonrelativistic matter (baryons and dark matter (DM)) and dark energy (DE). For simplicity, we model these three components using a perfect fluid description where each fluid has energy density $\documentclass[12pt]{minimal}
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In a cosmographic approach \[[@CR13]--[@CR16]\], the scale factor is Taylor expanded around its present day value $\documentclass[12pt]{minimal}
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                \begin{document}$$H_0$$\end{document}$ is the present day value of the Hubble rate $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$a^{\left( n\right) }$$\end{document}$ is the *n*th derivative of the scale factor with respect to the cosmic time.[1](#Fn1){ref-type="fn"} Based on the cosmographic expansion ([3](#Equ3){ref-type=""}), the statefinder hierarchy was developed as a tool to distinguish different DE models \[[@CR17]--[@CR21]\]. In fact, the statefinder parameters are defined as specific combinations of the cosmographic parameters:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} {s\vert _{w\text {CDM}}} =&~{1+w} . \end{aligned}$$\end{document}$$We thus find that as *w* deviates from the nominal value $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$-\,1$$\end{document}$ the asymptotic values of the statefinder parameters $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$S_i^{(1)}$$\end{document}$ run away from unity. In fact, for small deviations $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varDelta w :={| w+1|}\ll 1$$\end{document}$ the statefinder parameters depend linearly on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varDelta w$$\end{document}$ and we find that $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$S_{n}^{(1)}<1$$\end{document}$ for quintessence models and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$S_{n}^{(1)}>1$$\end{document}$ in the case of phantom behaviour. On the other hand, it can be shown that asymptotically *s* vanishes for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varLambda $$\end{document}$CDM, and it gets negative for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$w<-\,1$$\end{document}$ and positive for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$-\,1<w$$\end{document}$. We have assumed in all our conclusions the presence of radiation no matter how tiny its contribution.Fig. 1This figure shows the trajectory of the three models considered in this work in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\{S_3^{(1)},\,s\}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\{S_3^{(1)},\,S_4^{(1)}\}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\{S_3^{(1)},\,S_5^{(1)}\}$$\end{document}$ planes, which characterise the statefinder hierarchy. The coloured points indicate the asymptotic values of the statefinder parameters as presented in Eqs. ([8](#Equ8){ref-type=""})--([10](#Equ10){ref-type=""}). The dependence of these points on the deviation of *w* from the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varLambda $$\end{document}$CDM value $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$-\,1$$\end{document}$ is illustrated by the dashed lines. The black stars indicate the present day values of the statefinder parameters for each of the models

On Fig. [1](#Fig1){ref-type="fig"}, we present the evolution of the statefinder hierarchy $\documentclass[12pt]{minimal}
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Cosmological perturbations: from gravity to DM and DE {#Sec3}
=====================================================

The gravitational potential can be described through the time--time metric component as$$\documentclass[12pt]{minimal}
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                \begin{document}$$\varPhi $$\end{document}$ the gravitational potential. For simplicity, we assume the absence of anisotropies; i.e. the spatial and temporal component of the gravitational metric are equal in absolute values at first order in the cosmological perturbations.

In order to tackle the cosmological perturbations of a perfect fluid with a negative and constant EoS some care has to be taken into account \[[@CR22]\]. In fact, unless non-adiabatic perturbations are taken into account a blow up on the cosmological perturbations quickly appears even at scales we have already observed. Please notice that this is so even for non-phantom fluids, i.e., for $\documentclass[12pt]{minimal}
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                \begin{document}$$c_a^2=w$$\end{document}$ measures the non-adiabaticity in the evolution of the fluid \[[@CR23]\]. For simplicity, we will set the latter to one which fits perfectly the case of a scalar field, no matter if it is a canonical scalar field of standard or phantom nature.[2](#Fn2){ref-type="fn"} In addition, we will solve the gravitational equations describing the cosmological perturbations at first order using the same methodology we presented in \[[@CR22]\]. We remind the reader that the temporal and spatial components of the conservation equation of each fluid imply \[[@CR22]\]$$\documentclass[12pt]{minimal}
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In addition to the gravitational potential, we present in the second and third panels of Fig. [2](#Fig2){ref-type="fig"} the behaviour of the density contrast of DM. We observe that the growth of the linear perturbations is very similar in all models, with differences of $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\delta _\mathrm {DE}$$\end{document}$ for the different models. Of course, for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varLambda $$\end{document}$CDM case the perturbations remain at 0 as the cosmological constant does not cluster. In good agreement with observations, for the quintessence and phantom DE models we find that the DE perturbations remain small, with small variations of the initial value, throughout the whole evolution of the Universe.Fig. 3(Top panel) evolution of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f\sigma _8$$\end{document}$ for low red-shift $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$z\in (0,\,1.4)$$\end{document}$ for three dark energy models: (blue) $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$w=-\,0.99$$\end{document}$, (green) $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$w=-\,1$$\end{document}$ and (red) $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$w=-\,1.01$$\end{document}$. White circles and vertical bars indicate the available data points and corresponding error bars (cf. Table I of \[[@CR22]\]). (Bottom panel) Evolution of the relative differences of $\documentclass[12pt]{minimal}
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Finally, and most importantly, all these models are in full agreement with observations. In Fig. [3](#Fig3){ref-type="fig"}, we show the evolution of the observable $\documentclass[12pt]{minimal}
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                \begin{document}$$\varLambda $$\end{document}$CDM and quintessence. This is in full agreement with the results presented in \[[@CR10]\] where the decay of the growth suppression factor of the linear matter perturbations is found to be faster in quintessence models and slower in phantom models.

Concluding remarks {#Sec4}
==================

Summarising, what we have shown is that after all gravity might behave the other way around in the future and, rather than the apple falling from the tree, the apple may fly from the earth surface to the branches of the tree, if dark energy is repulsive enough, as could already be indicated by current observations.[4](#Fn4){ref-type="fn"}

To illustrate these observations, we have considered three models where DE is characterised by a constant parameter of EoS *w* with values $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$w=-\,0.99,-\,1,-\,1.01$$\end{document}$. After comparing the present and future behaviour at the background level by using a statefinder approach, as illustrated in Fig. [1](#Fig1){ref-type="fig"}, we have considered the cosmological perturbations of these models. We have shown that for models with $\documentclass[12pt]{minimal}
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                \begin{document}$$w<-\,1$$\end{document}$ the gravitational potential changes sign in the future (cf. Fig. [2](#Fig2){ref-type="fig"}). We have as well analysed the behaviour of the DM and DE perturbations as shown for example in Fig. [2](#Fig2){ref-type="fig"}. Finally, we have proven that no matter the future behaviour of the gravitational potential depicted in Fig. [2](#Fig2){ref-type="fig"}, the three models discussed above are in full agreement with the latest observations of $\documentclass[12pt]{minimal}
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                \begin{document}$$f\sigma _8$$\end{document}$ (cf. Fig. [3](#Fig3){ref-type="fig"}).

Before concluding, we would like to recall that in this work, we have considered the existence of phantom matter; however, it might be possible that Nature presents rather a phantom-like behaviour as happens in brane world-models \[[@CR29], [@CR30]\] where no big rip takes place and where the perturbations can be stable. In addition, even the presence of phantom matter might not be a problem at a cosmological quantum level where the big rip or other kind of singularities can be washed away \[[@CR31]--[@CR33]\].

Appendix A: Statefinder parameters in *w*CDM {#Sec5}
============================================

For a *w*CDM model with a radiation component the statefinder parameters defined in Eqs. ([4](#Equ4){ref-type=""}), ([5](#Equ5){ref-type=""}), ([6](#Equ6){ref-type=""}) and ([7](#Equ7){ref-type=""}) read$$\documentclass[12pt]{minimal}
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                \begin{document}$$c_s^2=1$$\end{document}$ is not crucial in our study, it was taken just for simplicity and because it is common to use it in codes like CAMB and CLASS, though there is no fundamental reason for such a choice.
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                \begin{document}$$\varDelta f\sigma _8^\text {(model)} (\%):= 100[(f\sigma _8^\text {(model)})/(f\sigma _8^{\varLambda \text {CDM}})-\,1]$$\end{document}$.

Repulsive gravity could occur as well if the effective gravitational constant changes sign. This could happen, for example, in scalar--tensor theories, in particular, for a non-minimally coupled scalar field \[[@CR28]\]. However, an anisotropic curvature singularity arises generically at the moment of this transition.
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